Modelling of SCR in diesel exhaust systems with injection of urea spray is complex and challenging but many models use only the conversion observed at the brick exit as a test of the model. In this study, the case modelled is simplified by injecting ammonia gas in nitrogen in place of urea, but the spatial conversion profiles along the SCR brick length at steady state are investigated. This is a more rigorous way of assessing the ability of the model to simulate observations made on a test exhaust system. The data have been collected by repeated engine tests on eight different brick lengths, all which were shorter than a standard sized SCR. The tests have been carried out for supplied NH 3 /NOx ratios of α 1.5, excess ammonia, α 1.0, balanced ammonia, and α 0.5, deficient ammonia. Levels of NO, NO 2 and NH 3 have been measured both upstream and downstream of the SCR using a gas analyser fitted with ammonia scrubbers to give reliable NOx measurements. A CFD model based on the porous medium approach has incorporated a kinetic scheme available in the open literature. Comparison of CFD simulations with observed data is presented and the results are discussed. NOx conversion is significant in the first 30 mm of the brick for α 0.5 and in the first 90 mm for α 1.0 and 1.5. The ammonia level influences NOx conversion, which is generally under-predicted by the current model for α 0.5 and over-predicted for α 1.5. Measurements show that NO 2 conversion exceeds NO conversion in the first section of the monolith, which the model fails to predict.
INTRODUCTION
Selective catalytic reduction, SCR, with aqueous urea has become one of the primary methods of NOx reduction for both heavy and light-duty diesel applications over the past few years. The urea is thermally hydrolysed in the vehicle's exhaust to produce ammonia, which in turn reacts with the NOx over a catalyst. SCR technology is advantageous for light-duty applications as it has a minimal impact on fuel consumption and costs, yet has high NOx reduction efficiencies [1] , and [2] .
NOx reduction is affected by the exhaust gas temperature. For low gas temperatures the fast SCR reaction is the dominant reaction where approximately equi-molar quantities of NO and NO 2 are present in the exhaust. The amount of NH 3 injected requires careful control, and can be critical under some conditions. Over-injection of NH 3 into the exhaust could potentially provide a high NOx conversion, but is likely to result in NH 3 slip [3] . The addition of an NH 3 oxidation catalyst downstream of the SCR is an option, but this may cause NO formation, which in turn will result in the vehicle not complying with emissions standards [4] . Underinjection of NH 3 will avoid NH 3 slip, but will provide an inferior NOx conversion.
The control of the NO 2 : NOx ratio in the exhaust stream and the amount of NH 3 injected into the exhaust at any one time are therefore very important. This can be investigated experimentally, but this is a time consuming process and is not cost effective [5] . Simulation modelling can be considered a useful tool in reducing development time and costs.
Spatial Conversion Profiles within an SCR in a Test Exhaust System with Injection of Ammonia Gas Modelled in CFD using the Porous Medium Approach
Many models predict and compare conversion rates at the exit from the SCR, but neglect what is happening within the monolithic catalyst brick. This paper investigates the spatial conversion profile along the length of the SCR brick to provide a more thorough examination of the model using the porous medium approach in CFD. This approach has already been applied successfully to other catalysts [6] as well as SCRs [7] , [8] . Ammonia gas, 5% in nitrogen, was substituted for urea spray in the experiments that are described in this paper to provide good control of the amount of ammonia injected. This also simplified the modelling, as there was no requirement to model either droplet evaporation or urea hydrolysis, thus focusing this investigation on the SCR CFD model itself.
ENGINE TEST RIG
The engine used in these experiments is a 1998cc 4-cylinder light-duty diesel engine with a common rail fuel injection system, an intercooled turbocharger, and EGR, which was deactivated to promote adequate levels of NOx solely for the purpose of model validation. The engine is connected to a 150 AC engine dynamometer. The test exhaust system consists of an interchangeable DOC/DPF assembly with an instrumentation module downstream and an SCR assembly with an instrumentation module both up and downstream. Before the gas enters the SCR it travels through a long narrow-angled 10 ° diffuser so that a uniform flow profile is presented to the inlet of the SCR brick. An expansion box followed by a converging nozzle was positioned just after the DOC/DPF assembly to ensure uniform flow before entering the diffuser. This means that a 1D model can be used for the simulations. A schematic of the engine/exhaust configuration is displayed in Figure 1 . The 5% NH 3 gas in balance-N 2 was delivered into the exhaust at the instrumentation module downstream of the DOC/DPF assembly. The gas feed was controlled by manual valve and monitored by a flow meter with both glass and steel floats. Three different injection ratios were chosen based on the NOx level emitted by the engine, namely NH 3 : NOx ratio α having values 0.5, 1.0 and 1.5.
The SCR catalysts were made of a base-metal zeolite, which had been de-greened for a period of 24 hours in a hydrothermal oven prior to testing at a temperature of 650 °C. The catalysts were 115 mm in diameter and ranged from 0.3 to 2.0 litres. Table 1 displays a full list of the dimensions and space velocities of the SCRs investigated. Table 1 . Dimensions of SCR bricks tested
The oxidation catalyst was placed in an assembly with the DPF upstream of the SCR, and could be positioned before or after the DPF. Two DOCs were available for testing with volumes of 1 and 2 litres, providing space velocities of 1598000 and 80300 h −1 respectively. It is widely acknowledged that the optimum NO 2 : NOx concentration ratio is 0.5. This ratio has been found to provide the optimum NOx reduction via the fast SCR reaction, which is active at low temperatures [5] , [9] , and [10]. The configuration that provided a value closest to this was a 1 litre DOC, corresponding to a GHSV of 159800 h −1 , placed downstream of the DPF.
Emissions were measured using a Horiba EXSA gas analyser at the engine outlet; this monitored the total NOx, CO/CO 2 , and HC emissions from the engine using CLD, NDIR, and FID respectively. A Horiba MEXA-1170 analyser was used to measure NOx and NH 3 before and after the SCR brick via CLD. Previous work in this area had shown that the presence of NH 3 could influence the measured NOx value because the ammonia reacted with NO 2 on the internal NOx converter catalyst [8] , [11] , leading to erroneous measurements. Based on these issues and recommendations, ammonia scrubbers were fitted in to the MEXA analyser. The scrubbers are designed to eliminate the ammonia before the sample gas enters the NOx converter within the analyser.
An engine condition of 1500rpm with 6 bar brake mean effective pressure (BMEP) was chosen for the experiments and this was comparable with previous studies, [8] . Exhaust gas temperatures were measured using K-type thermocouples at designated points along the exhaust as shown in Figure 1 .
Temperatures were 280 °C at the engine outlet, 260°C at the DOC/DPF assembly, and 215°C upstream of the SCR. Figure 2 displays an example of the output that was obtained by using a rigorous test procedure that was applied to each brick length. For the first 10 minutes of each test, the engine ran at 1500 rpm and 4 bar BMEP to allow the water and oil to reach operating temperature. The engine was then run at 1500 rpm and 6 bar BMEP for 35 minutes to allow steady state temperatures along the exhaust to be achieved. Table 2 displays the measurement modes and locations of the MEXA gas analyser sampling probe, and the NH 3 : NOx injection ratios denoted by α. During these tests, NO 2 : NOx ratio was close to 0.5. Table 2 . Five stages of experimental procedure, as illustrated in Figure 2 .
In Figure 2 
CFD MODEL
The CFD package used was Star-CD Version 4.10 and the monolithic catalysts were modelled using the porous medium approach [8] . The mesh used to represent the monolith was a simple rectangular block of 5 cells × 5 cells × 91 cells, with dimensions 10mm × 10mm × 364mm. Simulations with smaller cell sizes showed that this number of cells was sufficient to provide a mesh independent solution. The SCR kinetics used for the CFD model can be found in the literature, [12] , where all the reaction rate constants are specified in full. The scheme contains the following SCR reactions [12] :
Standard SCR:
(1)
Slow SCR:
Ammonia oxidation and reversible NO oxidation reactions are also included in the scheme, and are specified by reactions (5) and (6) respectively:
Equations (7) and (8) are the transport equations for the scalar species that represent the reactants. Reactions are assumed to take place in the pore phase of the model. The source terms in equations (7) and (8) were input into user subroutines for mass transfer in the CFD model for the pore and gas phases respectively [8] .
The reaction rate in (7) is multiplied by the stoichiometric coefficient for each reaction. The surface coverage relationship for ammonia sites stated by Olsson et al. [12] is given by equation (9) .
(9)
This is interpreted within the Star-CD CFD model as:
where all rates are in mol/m 3 monolith/s and the ammonia capacity of the substrate has value Ω mol-sites/m 3 monolith. Olsson et al. [12] use a value of 200 mol-sites/m 3 substrate. A nominal value of 400 mol-sites/m 3 is used here. In the CFD model, however, the number of available active sites is determined by the temperature of the solid phase, with factor (293/T) 2 applied to allow for local temperature. This gives an approximate value of 140 mol-sites/m 3 . The model uses the multiplier of desorption rate activation energy as (1 -0.98θ), as specified by Olsson et al [12] , although this is notably different from the value (1-0.31θ) used in [13] and (1-0.545θ) used in [14] .
The energy equations are solved for the fluid and solid phases of the analogous porous medium that represents the SCR monolith. Heat transfer between gas and solid phases is modelled through specification of heat transfer coefficients. The heat conduction within the solid phase of the monolith is calculated by specifying an effective bulk thermal conductivity.
Pressure loss along the porous medium is calculated within Star-CD via equation (11) by adjusting the permeability coefficients α and β.
(11)
The inlet conditions for the steady state CFD simulations are given in Table 3 . These were obtained from the measurements at the entrance to the SCR on the engine test bed. The NO and NO 2 values were representative of the engine test bed experiments for the eight different brick lengths. The output from the CFD simulation for all the SCR brick lengths investigated, Table 1 , was obtained from a single run for each α value. 
MEASUREMENTS FROM TEST EXHAUST COMPARED WITH STEADY-STATE SIMULATIONS
The engine tests provided measurements of spatial species conversion along the SCR for α values 0.5, 1.0, and 1.5 under steady state conditions. The output from the CFD simulations was plotted for comparison with the measured data. Figure 3 plots the steady state spatial conversion rates for NOx and NH 3 for α 0.5, 1.0, and 1.5. When a deficient amount of NH 3 is injected, α 0.5, NOx reduction approaches 50% by about 90mm from the inlet; at this point all of the ammonia is consumed and NOx slip occurs. It can be seen that the NOx conversion just after the inlet to the SCR is under-predicted for α 0.5, but predictions agree much more closely with the data for brick lengths greater than 90 mm. For α 1.0, the agreement between the simulation and the experiment is significantly better all along the SCR brick. The balanced NOx and NH 3 conversion rates are to be expected for α 1.0 as approximately stoichiometric quantities of ammonia are available to convert the NOx. Conversion of NOx is slightly over-predicted by the model for all brick lengths for α 1.0. When excess ammonia is injected, α 1.5, the measured NOx conversion is similar to the α 1.0 case. It can be seen that conversion is significantly over-predicted by the model in this case for the first 90 to 120 mm of the monolith. The difference between the simulation and the data is negligible by 182 mm. Comparisons between experimental data and the model for NO, NO 2 , and NH 3 are presented in Figure 4 as conversion efficiency profiles. Figure 5 shows the same information as Figure 4 but plotted directly as species concentration profiles for the three values of α. For α 0.5 the correlation between the model and the experiment is relatively poor for NO 2 and NH 3 along the first half of the brick, although better for NO. The test data show that just after the SCR inlet the amount of NO 2 consumed is double that of NO. Agreement between both NO 2 and NH 3 data and the model is better towards the end of the brick, but is less good for NO around 150 mm brick length. When α is 1.0 an improved agreement between the test data and predictions is seen when compared with α 0.5. The model over-predicts the NO conversion throughout but NH 3 and NO 2 conversion are well predicted. The measured conversion rate for ammonia for α 1.5 is lower than for the other two injection conditions because ammonia is in excess. The measured conversion rates for NO are similar at α 1.0 and α 1.5; the same is true for NO 2 . For α 1.5 the conversion of NO 2 approaches 100% at 90 mm whereas the conversion of NO approaches 100 % at 180 mm. The simulation agrees more closely with the data for NO 2 than for NO in this case.
To summarise the observations, the correlation between data and simulations is particularly poor in the first half of the SCR monolith for α 0.5 and α 1.5. Correlation between data and simulation is generally better for longer SCR brick lengths and is good in all cases at the brick exit. The CFD model under-predicts conversion rates for α 0.5 and overpredicts conversion rates for α 1.5. The model generally fails to predict the more rapid depletion of NO 2 compared with NO as the reactants enter the monolith.
MEASUREMENTS FROM TEST EXHAUST COMPARED WITH TRANSIENT SIMULATIONS
For two of the brick lengths investigated in the steady state tests, transient simulations have been performed using the 1D SCR CFD model. The parameters for the transient simulations are given in Table 4 . The two brick lengths investigated were 31 mm and 91 mm. The data was taken from Stage 3, see Figure 2 , for each experiment. 
DISCUSSION OF RESULTS
In this study, the amounts of NH 3 consumed in every case are approximately equal to the NOx consumed. This suggests that reactions that compete with SCR, such as NH 3 oxidation, have a negligible effect on SCR NOx conversion under the steady state and low temperature conditions investigated.
The majority of NOx conversion that took place in the experimental exhaust occurred in the first 30mm of the SCR for α 0.5, and the first 90mm for α 1.0 and 1.5. Comparing the data for all three values of α with the simulations suggests that NOx conversion is under-predicted for deficient ammonia and over-predicted for excess ammonia for short bricks. The model is a reasonable description of the NOx data only when α is 1.0. This could suggest that the number of available reaction sites in the short bricks becomes less as α increases, or that the reactions are chemically inhibited in some other way when ammonia is present in excess. Grossale et al. [15] have proposed a mechanism for blocking of the fast SCR reaction at low temperature. There is no ammonia inhibition term in the SCR reactions in the Olsson et al. [12] chemical scheme and the ammonia storage capacity is constant. The number of reaction sites available in the experimental catalyst is apparently higher than in the model so that NOx conversion is under-predicted at short brick lengths for α 0.5. The observations indicate that the ammonia level influences the NOx reduction but that the current model does not adequately describe this effect. The CFD model was subjected to a parameter study, where the storage capacity of the bricks was varied from 200 to 500 mol-sites/m 3 before temperature correction. This supported the argument that as alpha increases conversion rates are inhibited, but simply changing the number of sites within a realistic range was insufficient to force the model describe all the data.
The simulation model predicts conversion efficiency reasonably well for NO 2 at α 1.0 but over-predicts NO 2 for short brick lengths at α 1.5 and under-predicts for α 0.5. The model also over-predicts conversion efficiency of NO at α 1.0 and severely over-predicts NO at α 1.5, but predicts quite well for α 0.5. For α 1.5, NO conversion continues beyond 90 or 100 mm even though all of the NO 2 has been consumed. This suggests that reaction (1) is effective under excess ammonia conditions despite the low temperatures in the exhaust. Although the results downstream of the full length SCR present a very strong correlation between the test data and the model, it is clear from this study that the model requires adjustment to improve data predictions just downstream of the inlet of the SCR and for short brick lengths.
The higher NO 2 conversion with respect to NO that is observed in the engine tests suggests significant lowtemperature activity of reactions between NO 2 and NH 3 . The kinetic scheme that has been used, however, includes slow SCR and N 2 O formation but does not include side reactions between NO 2 and NH 3 such as nitrate formation, which can occur at low temperature. In this study NO 2 :NOx ratios are ≤ 0.5 so nitrate formation is less likely to occur. It is observed for the test data that just after the SCR inlet, after about 30 mm, the amount of NO 2 consumed is double that of NO, which is consistent with reaction (2) and reactions (3) and (4) occurring together. It is also noted that less NO is being converted in the experiment than in the model for α 1.0 and 1.5; this suggests that reaction (2) has too high a rate in the model. In the experiments reactions (3) and (4) may be influential on NOx reduction as by about 90mm NO 2 is the first species to be completely consumed for α 1.0 and 1.5, and this cannot be explained by the fast SCR reaction alone. Once all of the NO 2 has been consumed in the experiments, the reduction of NO continues slowly, because reaction (1) has a fairly low rate at the temperature of the experiment. In the model, the fast reaction has the highest rate just downstream of the SCR brick inlet with reactions (1), (3) and (4) 
CONCLUDING REMARKS
A comparison between the spatial conversion profiles of a mathematical model using the porous medium approach and engine test data using ammonia gas, as well as transient NH 3 adsorption/desorption is presented. The following observations were made:
• The majority of NOx conversion that took place in the experimental exhaust occurred in the first 30mm of the SCR for α 0.5, and the first 90mm for α 1.0 and 1.5.
• The higher NO 2 conversion with respect to NO observed in the engine tests suggests significant low-temperature activity of NO2 + NH 3 reactions. These comprise slow SCR and N 2 O formation and could involve side reactions between NO 2 and NH 3 , such as nitrate formation, not included in the kinetic scheme employed in this study.
• Under deficient ammonia conditions, the agreement between steady state experimental data and simulated data is poor just after the SCR inlet, and this is also noted for excess ammonia. This suggests that the ammonia level influences the NOx reduction but that the model does not adequately describe this effect. Agreement for stoichiometric ammonia conditions, however, was shown to be quite strong. The activity of NO 2 + NH 3 reactions was lower in the model than in the experiments with fast SCR being the dominant reaction in the model.
• The simulated data provides a good representation of experimental data downstream of the SCR, but agreement in the first 90mm is poor.
• The transient simulations provide only moderate agreement with the engine data for 31 and 91 mm SCR bricks, with better overall agreement for the 91 mm brick. 
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